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Abstract
Cadmium is a heavy metal found in tobacco plants, nickel-cadmium batteries, and as a
byproduct of metal mining. The similarities between the properties of zinc ions and cadmium
ions in proteins due to their 2+ charges may cause displacement of zinc by cadmium if
encountered and has been shown to do so in several transcription factors. Cadmium’s ability to
replace zinc- a metal found in around 3,000 human proteins- is a cause for concern, especially
due to its toxicity, long half-life in the body, and larger size.
Carbonic anhydrase is an important metalloprotein protein that relies on a central zinc(II)
ion for proper folding and interaction with its substrate carbon dioxide. The focus of this research
is to compare binding properties of zinc and cadmium to bovine carbonic anhydrase.
Zinc was removed from samples of bovine carbonic anhydrase using dipicolinic acid.
The apoprotein was then incubated in various concentrations of zinc(II) chloride and
cadmium(II) chloride solutions to quantify metal-protein binding. Filtrates devoid of protein
were analyzed using atomic absorption spectroscopy (AAS) to determine cadmium and zinc
concentrations. Metals found in the filtrate indicate what was not bound by the protein. Zinc was
found in lesser quantities in the filtrates versus cadmium, indicating more zinc was taken up by
the protein and a higher affinity for zinc; however, experiments where higher concentrations of
cadmium were used had higher concentrations of zinc in the filtrate. This indicated that cadmium
may be competitive for zinc binding sites in carbonic anhydrase.

Introduction
Cadmium is a component of the often consumed tobacco plant. Although tobacco use is
on the decline, it is estimated that around 8 million people per year will die prematurely due to
tobacco use, either through smoking or exposure to secondhand smoke.1 Tobacco is a mix of
thousands of chemicals, including at least 70 known to be harmful to the human body. The most
well known chemical in the tobacco plant itself is nicotine, a highly addictive carcinogen that
activates the nicotinic acetylcholine receptors in the brain. Others include nitrosamines,
polycyclic hydrocarbons, and volatile compounds, all of which have great potential for toxic
effects.2 Tobacco also contains heavy metals that can accumulate in the air, water, pesticides, or
more frequently, absorbed through the soil. One such metal is cadmium.2 The naturally high
accumulation levels of cadmium in tobacco leaves result from the use of cadmium-containing
phosphate fertilizer and the ease of absorption by the plant itself.2,3,4
This increased concentration of cadmium leads to higher than normal levels of exposure
to cadmium in smokers or those exposed to secondhand smoke. Although the average
concentration of cadmium in the earth’s crust is only between 0.1 and 0.5 parts per millionhigher in areas where mining of metals and production of cadmium-containing products occur- a
more concentrated course of cadmium into the body is through cigarette smoke.5 While the air
has between 2 to 15 ng/m3 (1.57•10-6 to 1.18•10-5 ppm) concentration of cadmium, one cigarette
can contain 0.5 to 2 ug (0.5•10-6 to 2•10-6 grams) of cadmium, 10% of which is inhaled when the
cigarette is smoked. On the low end, the amount of cadmium smoked can be over 3 times higher
than breathed in one cubic meter of air, which is much greater when putting into perspective the
size of a cigarette versus that of a cubic meter.

Cadmium is a toxic transition metal that accumulates in cell tissues and has no
mechanism for expelling from the body. It has a half-life of about 20 years in humans, meaning it
will take 20 years for half of the cadmium metal to leave the body. Cadmium’s toxicity affects
many different biological systems by suppressing DNA repair and encouraging cell replication
by inhibiting tumor-suppressor proteins. The presence of cadmium leads to a buildup of reactive
oxygen species, oxidants that can cause a chain-reaction of disrupting cellular components like
DNA (Figure 1).6

Figure 1. Mechanisms of cadmium toxicity in humans7

Besides its toxicity, another notable occurrence is the similarity between cadmium’s ionic
form, Cd2+, and ionic zinc, Zn2+. Both elements are in the same group of the periodic table and
form the same 2+ charge on their ions. This consequently gives them similar chemical properties
and lends itself to the notion that cadmium may potentially replace zinc in biological processes,
such as where zinc resides in some of its many proteins; however, cadmium’s larger ionic radius
may impact the protein structure if utilized.
Carbonic anhydrase is a zinc metalloproteinase enzyme in red blood cells that serves to
regulate pH and CO2 levels through “processing” of CO2 given off in metabolic activity. It

catalyzes the reversible reaction of converting carbon dioxide into a proton and a bicarbonate
ion, as shown below:8
CO2 + H2O → HCO3- + H+
The zinc catalytic ion (red) forms the core of carbonic anhydrase (Figure 2). It is
essential for activity, as the protein by itself is devoid of any activity.8 Zinc’s necessity is due to
its interaction with CO2 and H2O, carbonic anhydrase’s substrates (Figure 3). The zinc ion binds
to a deprotonated water molecule that eventually reacts with carbon dioxide to form carbonic
acid.9

Figure 2. Structure of carbonic anhydrase.10 A) The zinc ion sequestered in the carbonic
anhydrase protein. B) Close-up of the zinc ion surrounded by amino acids, mainly histidines.

Figure 3. Interaction of zinc in carbonic anhydrase with CO2.11 a) Ribbon model structure of
the carbonic anhydrase metalloprotein with its zinc ion. b) Visual interaction between the zinc ion
and the carbonic anhydrase substrates CO2 and H2O.

This interaction is so important that the amino acid structure around the zinc ion across
several organismal carbonic anhydrases is conserved. Comparisons of carbonic anhydrase 1
among 12 mammals, including humans, and one in the arctic icefish yield a visualization of the
structure with the most highly conserved regions in dark magenta. The zinc ion (gray) is
surrounded by dark magenta amino acids, indicating the necessity of zinc in the metalloprotein
across species (Figure 4).

Figure 4. Conservation of amino acid sequences across various organismal carbonic
anhydrases.

Several classes of these enzymes exist, developed not only to manage high CO2 levels
but also to deal with the shifted equilibrium of acids and bases. This reversible reaction,
performed by all classes of these enzymes, yields a very acidic hydrogen ion (H+) and
bicarbonate (HCO3-) with strong buffering activity.12 Since pH regulation – prevention of
biological systems from being too acidic or basic – is critical for all life forms, the action of these
enzymes to maintain this balance is crucial.
Carbonic anhydrase activity has been found to be lower in smokers than nonsmokers
upon measuring activity in erythrocytes from individuals of both groups.13 This decrease prevents
the maintenance of regular pH levels and transportation of CO2 from tissues into circulation. The
expected effects from this are impaired oxygen supply and acid-base disequilibria.14
Cadmium has a high affinity to bind to some metalloproteins and has been shown to
displace metals critical for enzymes function, such as iron, copper, manganese, and zinc.5 In fact,

much research has already been done concerning the displacement of zinc with cadmium in both
prokaryotic and eukaryotic transcription factors.15 These proteins also require a Zn2+ ion in the
active site. An example is transcription factor TFIIIA, which can bind to both DNA and RNA,
and promotes the transcription of the 5S RNA gene. Its zinc-finger motifs allow this unique
binding.16 Without zinc, this transcription factor loses all conformational structure and ability to
bind to DNA, its necessary function. TFIIIA, even when bound to DNA, can still have zinc
displaced by cadmium and thus have its function inhibited.17
Zinc-deficient carbonic anhydrase, although mostly retaining its shape, does lose catalytic
activity.8 The possibility of displacement happening with carbonic anhydrase, perhaps in any
stage of activity, is of interest. With the similarity in the chemistry of cadmium and zinc,
cadmium may replace zinc in the carbonic anhydrase active site. In fact, one type of carbonic
anhydrase, ζ-CAs, present only in marine diatoms, can use Cd2+ to perform the reversible CO2
processing reaction.12 Vertebrate carbonic anhydrases, which biologically only uses zinc, may
also have the ability to bind to cadmium, as they are still part of the same class of enzymes. Due
to the centrality of the zinc ion in carbonic anhydrase’s structure, displacement by cadmium
could cause the whole protein to unravel or change function.
Although cadmium is larger than zinc and has some different properties, it may or may
not affect the function of carbonic anhydrase. Despite cadmium’s larger size, its ion might have
chemical properties and a structure close enough to Zn2+ to allow for the protein to continue its
function. On the other hand, Cd2+ might be too large or too different from Zn2+, which will
negatively affect carbonic anhydrase. Since cadmium is not an essential metal for this protein’s
function, it is unknown how this binding would affect the protein, although binding has been
potentially seen.

The purpose of this research is to determine if there is a possible competitiveness of
cadmium for the carbonic anhydrase active site. This was done by incubating the carbonic
anhydrase protein with metal solutions, centrifuging out the protein, and analyzing the metals
remaining in the filtrate after incubation. Bovine carbonic anhydrase was used due to its
similarities in sequence to the human form, especially for the amino acids surrounding the zinc
active site (Supplemental figure 1). By quantifying the amount of zinc and cadmium metal left
in the filtrate, the ability of carbonic anhydrase to bind to each metal can be gleaned. Further
research may delve more into the specifics of the cadmium-carbonic anhydrase interaction.

Methods
Removal of zinc ion from bovine CA
The central zinc ion was removed from bovine carbonic anhydrase protein samples using
dipicolinic acid. 11.25 mg of the protein was diffused into 1.875 mL of 0.125 M phosphate
buffer saline (PBS) at a pH of 7.4 and given half an hour to equilibrate. Additionally, 15.60 mg
dipicolinic acid was measured and also dissolved in 0.200 mL of the PBS solution and left for
half an hour. The protein and dipicolinic acid solutions were then combined in a 10 kDa
molecular weight cutoff (MWCO) filter and left to incubate at room temperature for 1 hour. The
solution was then centrifuged for 30 minutes at 3700 rpm at 22°C to separate the apoprotein
from the zinc-dipicolinic acid complex. The apoprotein was then resuspended in 2.250 mL of
PBS.
Incubating CA apoprotein with metal solutions
The apoprotein solution was evenly divided into two separate molecular weight cut-off
(MWCO) filters. They were then incubated in varying zinc and cadmium concentrations via

solutions made with PBS, zinc(II) chloride, and cadmium(II) chloride, as shown in the table
below (Table 1). Each MWCO filter contained 1.125 mL of metal-PBS solution and 1.125 mL of
carbonic anhydrase-PBS solution.
Each solution was then centrifuged again for 30 minutes at 3700 rpm at 22°C. One mL of
the filtrate from each solution was collected and diluted 1:1 with deionized water and labeled for
later analysis.

Table 1. The amounts of metal in each sample that were incubated with carbonic anhydrase.
Each metal solution contained 1.125 mL.

Analysis of metal solution filtrates
Cadmium and zinc standards for atomic absorbance spectroscopy were created from 0.5
ppm to 2.0 ppm, in 0.5 ppm increments from 100 ppm stock solutions in deionized water. Since
cadmium tended to go over the standard limit when tested, a 4.0 ppm standard for cadmium only
was made, as well. Zinc filtrates never went above the 2.0 ppm maximum. Standard curves were
generated for each run. The filtrates were analyzed under zinc and cadmium bulbs and the
absorbances recorded for calculation of metal concentration remaining (Supplemental figure 2).
Calculation of metal in filtrate

Calibration curves were derived from standards each time the atomic absorbance
spectrometer was used. A representative graph is displayed below ( Figure 5). The equation
generated from the line of best fit was used to calculate the concentrations of the sample metal in
the filtrate from the atomic absorbances (Equation 1).

Figure 5. One of the calibration curve graphs used to calculate the concentration of zinc in
filtrate. A new graph was generated each time the atomic spectrometer was used.

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − 0.0108
0.0767

* 2

Equation 1. Representative equation used to calculate the concentration of the metal in
filtrate from the recorded absorbance. This equation corresponds to the graph above. Since the
filtrate was diluted 1:1, the final concentration was double what was calculated from the graph
equation.

Results
Since two replicates were run for each metal solution, the filtrates from each run were
compared with each other to determine the trends between them. The only difference is that the
pure zinc solution experiments were run first at 1.2 molar equivalents and then at 12 molar
equivalents, 10 times as concentrated.
Comparison of the filtrates from the zinc solutions indicate a proportional relationship
between the concentration of zinc ion in the solution and the amount of zinc in the filtrate
(Figure 6). Increasing the zinc concentration from 0.031 mg to 0.31 mg showed an over ten-fold
increase in zinc left behind by the carbonic anhydrase protein. This suggests that a maximum
saturation of zinc ions was reached between the two values. Thus, the amounts of zinc and
cadmium added to the protein initially were not so low that both could have been taken up by the
protein easily and without competition.

Figure 6. Amount of zinc ions (mg) in the filtrates when 1.2 molar equivalents and 12 molar
equivalents of zinc in solution are added to the bovine carbonic anhydrase. This was repeated once
for a total of two replicates. These are not averages.

Amounts of cadmium left in the filtrate varied between the two experiments using only
cadmium solutions (Figure 7). Compared with the experiment containing 1.2 molar equivalents
of zinc as shown above, cadmium had more metal left in the filtrate. Since less cadmium was
taken up by carbonic anhydrase, this suggests that cadmium has a lesser affinity than zinc for the
active site. Cadmium’s lack of established role in carbonic anhydrase activity may contribute to
these variations, as it is not the preferred metal.

Figure 7. Amount of cadmium ions (mg) in the filtrates when 1.2 molar equivalents of
cadmium in solution are added to the bovine carbonic anhydrase. This was repeated once for a total
of two replicates. These are not averages.

When incubating carbonic anhydrase in equimolar solutions, the amount of cadmium left
in the filtrate varied greatly again between the two experiments; however, in both, cadmium was
found in greater quantities in the filtrate, if only slight for the second run (Figure 8). This
solidifies the implication that zinc has a higher binding affinity than cadmium to the protein.
Again, due to zinc’s status as the sole ion used in mammalian carbonic anhydrases, its seemingly

greater binding affinity compared to cadmium’s makes sense from a biological perspective,
especially considering cadmium’s toxicity.

Figure 8. Amount of zinc and cadmium ions (mg) in the filtrates when 0.6 molar equivalents
of each metal in solution are added to the bovine carbonic anhydrase. This was repeated once for a
total of two replicates. These are not averages.

Interestingly, zinc is found in greater quantities than cadmium when unequal quantities of
the two metal solutions are added (Figure 9). Especially apparent is the greater zinc
concentration in the filtrates where 0.4 molar equivalents of zinc solution is added versus 0.8
molar equivalents. Additionally, zinc is present in the filtrate in almost twice the amount when
0.4 molar equivalents are added versus its coinhabitant cadmium, despite cadmium being twice
as concentrated in the initial solution. Thus, it appears that when more cadmium is incubated
with the protein in the mixed metal solution, less zinc is taken up by the protein. This suggests
that cadmium can be competitive with zinc for the carbonic anhydrase active site at high enough
concentrations.

Figure 9. Amount of cadmium and zinc ions (mg) in the filtrates when 0.8 molar equivalents
of zinc/0.4 molar equivalents of cadmium in solution and 0.4 molar equivalents of zinc/0.8 molar
equivalents of cadmium in solution are added to the bovine carbonic anhydrase. This was repeated
once for a total of two replicates each. These are not averages.

Discussion
These results indicate that carbonic anhydrase may have a lower affinity for cadmium
versus zinc but that cadmium still may bind. This could be due to zinc’s high affinity for the
carbonic anhydrase active site, as the highly conserved regions of the protein surround the metal
ion in human and bovine carbonic anhydrases. The probable preference of these sequences for
the zinc ion may inhibit the binding of cadmium instead. Further, the marine diatom carbonic
anhydrase has a much different amino acid sequence.18 Considering the important role carbonic
anhydrase serves in maintaining bodily equilibrium, cadmium’s lesser affinity would be ideal
due to its toxicity; however, it does appear that cadmium may have some competitiveness for the
active site at high enough concentrations. Focusing on different combinations of cadmium and
zinc solutions incubated with the carbonic anhydrase apoprotein could yield insight into the

minimum concentrations necessary for cadmium competitiveness. This would serve as a good
threshold of concern. If the minimum is lower than the amount smoked in a cigarette, this could
be dangerous for smokers due to the displacement of zinc by cadmium.
More replicative experiments in the future would be good to ensure accuracy of the data
collected, the significance of the results, and confirm cadmium’s ability to bind to the carbonic
anhydrase active site. Since carbonic anhydrase is much too bulky to analyze through atomic
absorbance spectroscopy, other means of quantifying the amount of metal in the protein itself
would be useful to determine true binding. Techniques such as radiolabeling could visualize the
localization of metal ions in the protein to determine if true binding was achieved or just
accumulation in the protein elsewhere.
Although cadmium has similar properties to zinc due to its charge, its larger size and
toxicity to the body may cause effects on protein folding and activity that are currently unknown.
Enzyme kinetics assays are future experiments that can determine the effect of cadmium on
protein function, especially compared to pure carbonic anhydrase and the apoprotein version.
The possibility of cadmium displacing and binding to zinc active sites introduces the
notion of cadmium doing so in other proteins, which is of concern due to the abundance of zinc
metalloproteins in the human body and the necessity of these proteins in biological functions.
Smoking tobacco may cause many problems beyond the classic pulmonary carcinogenic effects,
due to the ingestion of cadmium. Understanding the effects cadmium may have on
metalloproteins, as well as the properties that allow cadmium to exert its effects, can be valuable
in treatments of smokers, as well as in education to encourage elimination of smoking in the
general public.
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Supplemental Figures

Supplemental figure 1. Amino acid sequence similarity between human and bovine carbonic
anhydrase. Solid lines represent the same amino acid appearing in the same place for both proteins.

Supplemental figure 2. Raw data of the absorbances analyzed from the filtrate samples.

Supplemental figure 3. Amounts of zinc(II) chloride and cadmium(II) chloride added to PBS to
make the metal solutions.
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Supplemental figure 4. Absorbances from zinc and cadmium standards used to generate the
calibration curves. Each table’s data was used to generate the calibration curve for different runs. A-C are
the first runs, and D-F are the replicates, with the exception of pure zinc.
A) 1.2 Zn.
B) 1.2 Cd, 0.6 Zn/0.6 Cd.
C) 0.8 Zn/0.4 Cd, 0.4 Zn/0.8 Cd.
D) 12 Zn
E) 1.2 Cd, 0.6 Zn/0.6 Cd
F) 0.8 Zn/0.4 Cd, 0.4 Zn/0.8 Cd

